The way we are thinking about the kidney filtration barrier is changing from that of a static sieve into a highly dynamic structure regulated through the motility of podocyte foot processes. It has been shown in vitro that inactivation of the small GTPase RhoA causes hypermotility, whereas activation decreases motility. The current article by Wang et al. now shows that both, RhoA overand underactivation, lead to podocyte foot process effacement and proteinuria in vivo. These data suggest that podocyte health requires a well-controlled balance between the two extremes.
structure with intact slit diaphragms, whereas hypermotility would manifest as FP effacement in vivo. 1 Supposing that the reorganization of podocyte FP structure reflects a form of cell motility, it is reasonable to assume similar cellular pathways to be involved as in cell migration, e.g., of tumor cells, one of the most intensely studied forms of cell migration. 4 The Rho family of small GTPases (RhoA, Rac1, and Cdc42) are key players in the regulation of actin dynamics and cell migration. 4 In the classical view, Rac1 and Cdc42 promote cell motility at the leading edge through the formation of lamellipodia and filopodia, respectively. On the contrary, RhoA promotes the formation of contractile actin-myosin containing stress fibers in the cell body and at the rear of the migrating cell. This simplistic view, though, has been recently challenged by the finding that all three GTPases are activated at the leading edge of migrating cells in a spatiotemporally highly coordinated manner. 5 Several studies have suggested an involvement of the small GTPases RhoA, Rac1 and Cdc42 in podocytes during glomerular disease (all reviewed in Ref. 1). Induction of the podocyte urokinase plasminogen activator receptor (uPAR) or of its circulating form suPAR 6 leads to increased podocyte motility in vitro and FP effacement and proteinuria in vivo through activation of podocyte β3-integrin which in turn promotes Cdc42 and Rac1 signaling. Furthermore, the podocyte adapter protein synaptopodin has been shown to induce stress fibers by stabilizing RhoA and suppresses filopodia by disrupting Cdc42-IRSp53-Mena signaling complexes. The Mena inhibitor FP(4)-Mito suppresses aberrant filopodia formation in cultured synaptopodin knockdown podocytes and protects against LPS-induced proteinuria in mice in vivo. These data, together with the observation that (1) many proteinuric stimuli that lead to FP effacement in vivo induce a loss of actin stress fibers in cultured podocytes, (2) overexpression of RhoA induces the formation of stress fibers in many cell types and (3) RhoA and Rac1/Cdc42 antagonistically regulate each other, suggested the following concept: RhoA stabilizes the podocyte FP structure and protects from effacement and proteinuria, whereas Rac1 and Cdc42 promote FP motility and promote the development of FP effacement and proteinuria. 1 A number of novel in vivo observations are now further developing this model of podocyte FP dynamics. Whereas podocyte-specific ablation of Rac1 protected mice from PS-induced FP effacement as expected from the above, ablation of Cdc42 did not protect the filter barrier yet led to proteinuria. 7 Hence, these findings point toward divergent functions of Rac1 and Cdc42. Furthermore, inhibition of Rho-Kinase, a downstream effector of RhoA, ameliorated proteinuria in several models of proteinuria (reviewed in ref. 8 ). Most recently, Zhu et al. 8 have shown that inducible overexpression of a constitutive active variant of RhoA (CA-RhoA) in mice caused podocyte FP effacement and proteinuria. Taken together, these data indicated that although basal levels of RhoA may be necessary to maintain podocyte FP structure, overactivation of RhoA in disease seems to be also detrimental to podocytes and the cellular response is FP effacement.
Wang et al. 9 (this issue) confirm the findings by Zhu et al. 8 (overexpression of CA-RhoA causes proteinuria) and extend them in an important way, showing that overexpression of dominant negative RhoA (DN-RhoA) also leads to podocyte FP effacement and proteinuria.
Importantly, although as expected the downstream pathways that were altered in the two transgenic mouse models differed, both mouse lines exhibited a remarkable similarity at the ultrastructural level, i.e., both, podocyte-specific overactivation and inactivation of RhoA leads to podocyte FP effacement.
What do we learn from these studies? First, the study shows that both too much and too little podocyte FP motility may be detrimental to glomerular health (Fig. 1) . Although the motility of podocytes overexpressing CA-or DN-RhoA has not been directly assessed in the study by Wang et al., 9 a recent study has shown that DN-RhoA induced, whereas CA-RhoA abrogated motility of cultured podocytes. 9 Hence, some basal podocyte motility may be required to maintain a functioning glomerular filtration barrier whereas hypermotility may disrupt the podocyte SD structure and promote FP effacement. Podocyte health thus requires a healthy balance between the two extremes. Second, and more importantly, the study demonstrates that too much and too little podocyte motility both result in podocyte FP effacement. Both, the podocyte FP morphology as well as the time course at which proteinuria developed was remarkably similar between the two mouse strains overexpressing either CA-or DN-RhoA. 9 Thus, continuous FP motility may be required to maintain the interdigitating FP structure, with hypermotility leading as quickly and directly to FP effacement as hypomotility. This differs somewhat from the idea of too much RhoA activity causing chronic podocyte damage and ultimately detachment due to failure adapt to changes in their environment. More generally spoken, the study supports the hypothesis that podocyte FP effacement is the first and probably universal morphological sign of podocyte injury. Third, the study questions the simplified analogy that prominent stress fibers in cultured podocytes reflect intact FPs in vivo, whereas the loss of actin stress fibers and reorganization into cortical actin in vitro equals FP effacement in vivo. As expected, expression of CA-RhoA in cultured podocytes induced more actin stress fibers, whereas expression of DN-RhoA abrogated stress fibers. 9 However, since both morphological phenotypes of cultured podocytes translated into proteinuria and FP effacement in vivo, we may in the future have to more critically assess in vitro podocyte structure upon treatment with drugs or genetic manipulation since an increase in actin stress fibers may be as much be a sign of podocyte damage as a loss of stress fibers. All the above being said about podocyte motility and its influence on FP structure in vivo, one needs to keep in mind a caveat: in light of recent findings that both RhoA as well as Rac1 and Cdc42 are active at the leading edge of migrating cells, although at a highly coordinated and mutually antagonistic way, 5 we need to be prepared to once again redefine the current view that RhoA activity equals a stationary podocyte phenotype and Rac1/Cdc42 a motile phenotype (see above). Although CA-RhoA and DN Rac1 inhibited podocyte motility whereas DN-RhoA and CA-Rac1 increased podocyte motility in vitro, 10 these findings may not readily translate into the in vivo situation of podocyte FPs on the glomerular basement membrane. It seems more probable that all three small Rho family GTPases are active at the tip of the extending or retracting FPs in a highly coordinated manner as shown for cultured mouse embryonic fibroblasts. 5 Furthermore, all three small Rho family GTPases have been implicated in a broad variety of cellular processes other than cell motility, including adhesion, proliferation and apoptosis. 4 Thus, the effects of CA-and DN-RhoA overexpression in podocytes may not only be mediated by podocyte FP motility. Further studies will be required to unravel the detailed downstream signaling cascades of the small GTPases in podocytes and the exact mechanisms leading to FP effacement and proteinuria in RhoA over-and under-activity as well as how they are functionally interacting with the large GTPase dynamin that is heavily expressed in podocyte FP to also regulate F-actin organization and filter operation 1 .
Given the complexity of the functional role of small GTPases in podocyte FPs, the study by Wang et al. 9 puts forward valuable novel in vivo information for a fascinating and expanding topic in glomerular biology, i.e., the tuning of the kidney filter function by means of podocyte dynamics. Schematic illustration outlining the tuning of podocyte foot process structure and function by Rho GTPases. Both, too much and too little RhoA activity causes podocyte foot process effacement and proteinuria. The overall dynamic operation of podocyte foot processes is regulated by an interplay of RhoGTPase family members, associated proteins such as RhoAactivated Rac1 GTPase-activating protein (Arhgap24) as well as the large GTPase dynamin. Foot process effacement might be reversible yet failure to restore balance of GTPase signaling will eventually lead to loss of podocytes and progression of glomerular disease.
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